During embryo culture, ammonium is generated by amino acid metabolism and from the spontaneous deamination of amino acids at 378C. Although ammonium has been shown to be embryo toxic, few studies have investigated the mechanism(s) by which the early embryo can regulate ammonium. Whilst 20% oxygen represents a source of stress to the developing embryo, it is not known how oxygen affects the physiology of the embryo in the presence of other sources of stress. The aim of this study was, therefore, to investigate possible pathways involved in ammonium sequestration in the preimplantation embryo and the effect of oxygen on the regulation of these pathways. Glutamine and alanine were investigated as possible ammonium sequestration pathways. Amino acid utilization by blastocysts was determined after culture from the postcompaction stage with 0, 150, or 300 lM ammonium (in either 5% or 20% oxygen) and with or without 500 lM L-methionine sulfoximine (MSO), an inhibitor of glutamine synthetase. In the presence of MSO, ammonium production was significantly increased and glutamate was no longer consumed. Glutamine synthetase inhibition with MSO significantly decreased glutamine formation. Ammonium and oxygen independently altered overall amino acid turnover. Together, 5% oxygen and ammonium promoted glutamine production, whereas in the presence of 20% oxygen and ammonium, glutamine was consumed. Data reveal that both oxygen and ammonium affect amino acid utilization by the developing embryo, however, 20% oxygen appears to have the greater impact. Mouse blastocysts can alleviate ammonium stress by its transamination to both glutamine and alanine, but only under physiological conditions. amino acids, ammonium, blastocyst, culture, early development, embryo, in vitro fertilization, metabolism, oxygen concentration, viability
INTRODUCTION
Oxygen is a potent regulator of mammalian preimplantation embryo development. Oxygen at atmospheric levels (20%) has been shown to compromise embryo development through its impact on gene expression [1] , alterations in the resultant proteome [2] , and induction of perturbations in metabolism [3, 4] . Physiological parameters shown to be affected by the relative concentration of oxygen, such as carbohydrate metabolism and amino acid turnover, are directly linked to the ability of the mammalian embryo to develop in culture and remain viable after transfer [5, 6] . Manifestations of the negative effects of 20% oxygen are evident as early as the first cleavage division [7] , with the stress culminating in a significant loss of viability postimplantation [8] [9] [10] . It has been demonstrated that the detrimental effects of 20% oxygen on the precompaction embryo are irreversible because replacing the embryo in a lower oxygen atmosphere (5%) for the postcompaction period is not sufficient to alleviate the developmental perturbations induced during the cleavage stages. Whilst 20% oxygen represents a major source of stress to the developing embryo in culture, it is not known how oxygen affects the physiology of the embryo in the presence of other culture-induced stresses.
Amino acids are effective regulators of embryo development and have been shown to alleviate several aspects of culture-induced stress. Inclusion of amino acids in modern culture media has in no small way contributed to the steady increase in success rates for human in vitro fertilization over the past two decades [11, 12] . Amino acids have several functions that contribute to the homeostasis of the embryo, including acting as osmolytes [13, 14] as well as buffers of internal pH [15] ; they have also been implicated in the regulation of carbohydrate metabolism [16] . Prior to the twocell stage, the inability of the precompaction embryo to utilize lactate as the sole energy source can be attributed to low activity of the malate-aspartate shuttle. It has been determined that aspartate is the rate-limiting factor affecting the activity of the malate-aspartate shuttle and that the addition of exogenous aspartate (10 mM) enables the mouse zygote to utilize lactate in the absence of pyruvate and to continue development [16] .
During embryo culture, metabolism of amino acids results in the release of ammonium into the immediate surroundings of the embryo [17] and to quite high levels in the case of humans [18] , with a single embryo in 25 ll creating ammonium concentrations of up to 100 lM after 4 days of culture [19] . In addition, amino acids in the culture medium spontaneously break down in a time-and temperature-dependent manner to contribute an additional 50 lM [20] to 300 lM [17] of ammonium, depending on the concentration of amino acids present. In the human, ammonium induces a negative effect on blastocyst formation [18] and can alter gene expression and metabolic activity [21] . In mouse and livestock models, embryo physiology, development and viability are compromised by the presence of ammonium [22] [23] [24] [25] [26] .
Importantly, the sensitivity of the preimplantation embryo to ammonium and the potential long-term consequences of such disruption is not limited to environmental conditions in vitro; in mouse and livestock models, a high maternal protein diet during the periconception period affects fertilization [27] , embryo development [28, 29] , and quality [30] . Furthermore, reduced pregnancy rates [29] and altered fetal development [29] are induced as a result of high dietary protein during the periconception stage. The supply of high levels of protein or urea (2.5%) during periconception increases the levels of ammonium in the plasma (150 lM) and the reproductive tract [30, 31] , thus creating an environment that is disruptive to embryo development in vivo.
It has been suggested that glutamate may be involved in ammonium sequestration via its conversion to glutamine, catalyzed by glutamine synthetase (GS) [32, 33] . When mouse blastocysts develop in the presence of 20% oxygen, they display an overall lower amino acid turnover and release glutamate into the surrounding medium. In contrast, mouse blastocysts that develop in the presence of 5% oxygen display higher overall amino acid turnover and consume glutamate [4] . Given the profound effect of oxygen on amino acid utilization, it is plausible that 20% oxygen impairs the ability of the developing embryo to regulate ammonium sequestration. Alanine, as the product of pyruvate transamination, has also been suggested as a means of ammonium sequestration [32, 34] . However, similar rates of alanine production under either 20% or 5% oxygen concentrations have been reported, despite the significant difference in overall amino acid metabolism [4] , indicating that this pathway may not be the major pathway for sequestering ammonium at the blastocyst stage. Consequently, the aim of this study was to investigate possible pathways involved in ammonium sequestration in the preimplantation embryo and the effect of oxygen on the regulation of these pathways.
MATERIALS AND METHODS

Embryo Culture
Animals were housed in 12L:12D with food and water ad libitum. Female 4-to 6-wk-old virgin hybrid (C57BL/6 3 CBA/Ca, F1) mice were superovulated with 5 international units (IU) equine chorionic gonadotropin (Folligon; Intervet) followed 48 h later by 5 IU of human chorionic gonadotropin (hCG) (Chorulon; Intervet). Following hCG injection, females were mated with males of the same stain overnight and the presence of a vaginal plug the following morning was used as an indicator of successful mating. All animal use was approved by the Institutional Animal Ethics Committee.
The media used for embryo culture were G1 and G2 sequential media [35] with glutamine instead of alanyl-glutamine being used and half the concentration of Eagle nonessential amino acids [36] . Human serum albumin (5 mg/ml) and hyaluronan (0.125 mg/ml) from Vitrolife AB were added to all culture media. All media were prepared in-house and prescreened in a proven mouse embryo assay. All the chemicals were purchased from Sigma Aldrich unless otherwise noted and were of cell culture grade.
Following collection at 22 h after hCG, cumulus cells were removed from pronucleate oocytes using G-MOPS [35] containing 300 IU/ml hyaluronidase (bovine testes, type IV). After being washed twice in handling medium (G-MOPS) and once in G1 medium, all the embryos were cultured in 20 ll G1 medium in groups of 10, under a humidified atmosphere of 378C in 6% CO 2 , 5% O 2 , and 89% N 2 (unless the treatment involved 20% O 2 in which case the gas phase was 6% CO 2 in air). After 48 h, embryos were moved into 20 ll of G2 medium. All the cultures were performed in 35 mm petri dishes (Primaria; BD Biosciences) under paraffin oil (Ovoil; Vitrolife AB).
Analysis of Glutamate, Alanine, and Ammonium
Glutamate or alanine utilization as well as ammonium utilization were determined by culturing postcompaction embryos (for a 24-h period from Day 4 to 5, early blastocyst stage) individually in 1 ll of G2 medium (control) or G2 medium with an inhibitor (test). A positive displacement pipette (eVol; SGE Analytical Science) was used to dispense accurately 1 ll volumes. Levels of glutamate (or alanine) and ammonium were quantified from split samples of the same medium and determined by quantitative microliter-scale fluorimetry using couple enzyme-based reactions involving production or consumption of the fluorescent cofactor NADH [37, 38] . The assay conditions were:
Glutamate assay and reagents.
Reagents: 1.6 mM NAD þ , 1.0 mM ADP, and 100 U glutamate dehydrogenase/ ml (EC 1.4.1.3) in glycine-hydrazine buffer, pH 9.0.
Alanine assay and reagents.
Reagents: 1 mM NAD þ and 5.0 U L-alanine dehydrogenase/ml (EC 1.4.1.1) in sodium bicarbonate buffer, pH 10.0.
Ammonium assay and reagents.
Reagents: 0.24 mM NADH, 0.75 mM NaHCO 3 , 0.63 mM ATP, 14.15 mM aketoglutarate, and 3 U glutamate dehydrogenase/ml (EC 1.4.1.3) in triethanolamine buffer, pH 8.0.
Analysis of Total Amino Acid Utilization
For all the treatments, embryos that had reached the early blastocyst stage by the morning of Day 4 were grouped in threes and cultured for a further 24 h in 2 ll of the same treatment medium. A positive displacement pipette was used to dispense accurately the 2 ll drops. Amino acid utilization and ammonium metabolism were quantified from split samples taken from the same medium. Ammonium levels in media samples were quantified using the microfluorimetric technique described above. For amino acid analysis, following 24 h of incubation, 1 ll aliquots of the spent culture media were collected and vacuum dried. Amino acid analysis was performed on media samples treated with a derivatization-labeling reagent 6-amino quinolyl-N-hydroxysuccinimidyl carbamate (Aqc) and analyzed with a triple-quadrupole mass spectrometer (LC-QqQ-MS), which enables the concentrations of coeluted fractions of a variety of amines to be resolved and quantitated by comparison against a standard calibration curve according to an optimized protocol described previously [4, 39] .
Amino acids standard stocks were prepared as 2.5 mM solutions of each of the following in MilliQ water: lysine, histidine, asparagine, arginine, serine, glutamine, glycine, aspartate, glutamate, threonine, alanine, proline, cysteine, tyrosine, methionine, valine, isoleucine, leucine, phenylalanine, tryptophan, and ornithine. Calibration standard concentrations for each amino acid were then prepared by diluting the stock solution to 150, 100, 50, 25, 10, 5, 1, 0.5, 0.1, 0.05, and 0.01 lM in water using volumetric glassware.
Each dried culture media sample was resuspended in 10 ll of MilliQ water. To all the standards and samples, 70 ll of borate buffer was then added and mixed using a vortex for 20 sec, followed by centrifugation (1 min). The borate buffer contained 200 mM sodium borate, 25 lM internal standard (2-aminobutyric acid), 1 mM ascorbic acid, and 10 mM tris(2-carboxyethyl)-phosphine hydrochloride, pH 8.8. To 80 ll of the sample and borate buffer, 20 ll of Aqc was then added and the solution was vortexed immediately for 20 sec and then warmed on a heating block (Thermomixer; Eppendorf) with shaking (1000 rpm) for 10 min at 558C. The final solution was then allowed to cool to ambient temperature before centrifugation (1 min), followed by LC-MS analysis using an Agilent 1200 LC-system coupled to an Agilent 6420 ESIQqQ-MS. The cysteine peak was not reliably eluted, and thus no accurate estimate could be made for this amino acid.
Data Presentation
For all experiments, embryo-free medium was incubated under the same conditions as spent medium to determine the exact amounts of nutrients present in the medium prior to embryo exposure and to allow for any breakdown that may have occurred during the incubation period. Nutrient appearance (relative to the embryo-free medium value) was assigned a positive value, while nutrient disappearance (relative to the embryo-free medium value) was given a negative value. Ammonium and amino acid appearance is referred to as production, and disappearance is referred to as consumption, and all variables are expressed in pmol/embryo/h.
Statistical Analysis
Cell number data for all treatments compared to the control were subjected to a one-way analysis of variance (ANOVA) followed by Bonferroni multiple comparisons test because this data meet the assumptions of Gaussian distribution. All metabolism data was checked for Gaussian distribution. Those that met the assumption were also tested with an ANOVA followed by Bonferroni multiple comparisons tests (all the treatments compared to the control). Metabolism data that did not meet the assumption of Gaussian distribution were subjected to a nonparametric analysis using a Kruskal-Wallis test followed by Dunn multiple comparison tests (all the treatments compared WALE AND GARDNER to the control). All the analyses were performed using GraphPad Prism version 5.04 for Windows (GraphPad Software, www.graphpad.com).
RESULTS
Effect of Culturing Postcompaction Embryos with Inhibitors of Alanine Transaminase or Glutamine Synthetase
Pathways involved in ammonium sequestration were investigated by culturing embryos postcompaction (Day 3-5) in G2 medium alone or containing either (1) L-cycloserine, an inhibitor of alanine transaminase [40] , or (2) L-methionine sulfoximine (MSO), an inhibitor of GS [41] (Fig. 1) . Doseresponse experiments were performed for each inhibitor, and the metabolism of the relevant substrates was measured along with blastocyst development and cell number.
The inhibition of alanine transaminase by L-cycloserine resulted in decreased ammonium consumption at 125 lM (P , 0.05) and consumption was further decreased at higher concentrations (P , 0.01; Table 1 ). Alanine utilization switched from production in the control to consumption at all concentrations (62.5-500 lM; Table 1 ). Blastocyst formation and cell numbers were not significantly altered (Table 2) , (P ¼ 0.06 between the control and 500 lM L-cycloserine).
The inhibition of GS by MSO resulted in ammonium utilization switching from consumption in the control to production in the presence of 125 lM MSO with production increasing further with higher concentrations. Glutamate utilization also switched from consumption to production at all concentrations of MSO (125-1000 lM; Table 3 ). Blastocyst cell number decreased in the presence of 250 lM MSO (P , 0.01), and cleavage rates further decreased at the higher MSO concentrations (P , 0.001; Table 4 ).
Investigation of the Effect of Oxygen on Ammonium Sequestration
To investigate the effect of oxygen on ammonium sequestration at the blastocyst stage, postcompaction embryos OXYGEN REGULATES AMMONIUM METABOLISM (Day 3-5) were cultured in (1) G2 medium containing either 500 lM MSO or 150 or 300 lM ammonium chloride (representing previously reported concentrations of ammonium buildup in the culture medium) or (2) G2 medium with or without 150 lM ammonium chloride under a 5% or 20% oxygen. For each experiment, there were three treatments and a control (G2 medium) (Fig. 2 ).
Experiment A: Investigation of Ammonium Sequestration Pathways Based on an Analysis of Amino Acid Utilization
Similar to the experiments measuring dose dependence, in the presence of 500 lM MSO there were significant changes in glutamate (P , 0.01; Fig. 3a ) and ammonium (P , 0.05; Table  5 ) utilization, with both being produced by the embryo rather than being consumed as in the control. Analysis of amino acid profiles demonstrated a corresponding switch in glutamine utilization from production to consumption (P , 0.01). Amino acid turnover analysis also showed an increase in alanine production (P , 0.05) when blastocysts were cultured in 500 lM MSO, along with the utilization of lysine (P , 0.05) and methionine (P , 0.01), switching from consumption to production.
When embryos were cultured in the presence of 150 lM ammonium, aspartate consumption increased (P , 0.05) and there were significant changes in the utilization of arginine, proline (P , 0.05), histidine, lysine, tyrosine, valine, isoleucine, leucine, phenylalanine, tryptophan (P , 0.01), and threonine (P , 0.001, Fig. 3b ) switching from consumption (as in the control) to production. The utilization of ammonium (Table 5) did not change when embryos were cultured in the presence of 150 lM ammonium compared to the control.
Aspartate consumption (P , 0.05; Fig. 3c ) also increased in the presence of 300 lM ammonium and increases in the production of glutamine, alanine (P , 0.01), and asparagine (P , 0.001) were found. Similar to 150 lM, the utilization of proline (P , 0.05), histidine, threonine, lysine, tyrosine, valine, isoleucine, leucine, phenylalanine, and tryptophan (P , 0.001) switched from consumption (as in the control) to production when embryos were cultured in 300 lM ammonium. As a result of culture in 300 lM ammonium there were also changes in the utilization of arginine and glycine (P , 0.001), however, ammonium utilization was not affected ( Table 5) .
Analysis of amino acid utilization allowed for quantification of ornithine. Of interest, the decarboxylation of ornithine is the first step in the synthesis of polyamines. Whilst ornithine production did not differ when embryos were cultured in the presence of 500 lM MSO or 150 lM ammonium compared to control embryos, ornithine production was significantly decreased (P , 0.05) as a result of embryo cultured with 300 lM ammonium (Fig. 3c ).
Experiment B: The Effect of Oxygen 6 Ammonium on Amino Acid Utilization Figure 4a represents an independent replicate experiment of Figure 3b with the exact same conditions, that is, 5% oxygen throughout the culture and exposure to 150 lM ammonium postcompaction. Figure 4a reports remarkably similar results as Figure 3b with only minor differences such as increases in the statistical significance for arginine (P , 0.01) and proline (P , 0.001) and switches (from consumption to production) in the utilization of asparagine (P , 0.05), glycine, and serine (P , 0.01). For embryos exposed to ammonium at 5% oxygen in experiment B, their profile of ammonium turnover (Table 6) did not differ from control embryos, which is similar to the data reported for embryos in experiment A. However there was a WALE AND GARDNER significant reduction (P , 0.05) in ornithine production in the presence of 150 lM ammonium (Fig. 4a) .
The presence of 20% oxygen resulted in a switch in the turnover of asparagine, tryptophan (P , 0.05), and lysine (P , 0.01; Fig. 4b ) from consumption (as in control) to production. There were also significant decreases in the utilization rates for tyrosine, leucine, and phenylalanine (P , 0.05) as well as valine and isoleucine (P , 0.01) between the two oxygen concentrations. As a result of culture in 20% oxygen, the ammonium profile switched from consumption (at 5%) to production (P , 0.01; Table 6 ).
The combined effect of 20% oxygen and 150 lM ammonium resulted in glutamine utilization switching from production to consumption (P , 0.01; Fig. 4c ). Utilization of proline (P , 0.05) and asparagine (P , 0.01) switched from consumption (as in the control) to production, while the consumption rates of arginine, valine, and isoleucine (P , 0.05) were all reduced. Ammonium was produced rather than consumed (P , 0.01; Table 6 ) and ornithine production was greatly reduced (P , 0.001) when embryos were cultured with 150 lM ammonium at 20% oxygen (Fig. 4c) .
DISCUSSION
This study has revealed for the first time that not only does ammonium affect amino acid utilization by the preimplantation mouse embryo, but that the ability of the mouse embryo to regulate ammonium levels is significantly compromised in the presence of 20% oxygen. The data demonstrate that mouse blastocysts can alleviate ammonium stress by its transamination to both glutamine and alanine, but only under physiological conditions. Under physiological levels of oxygen (5%), exogenous ammonium (150 and 300 lM) resulted in the branched chain amino acids (isoleucine, leucine, and valine) and the aromatic amino acids (phenylalanine, tryptophan, and tyrosine) switching from consumption to production, with production increasing in a dose-dependent manner. Relatively short (48 h) exposure to 300 lM ammonium, in 5% oxygen, resulted in a significant increase in glutamine and alanine production, which plausibly reflects the response of the embryo to increased ammonium levels. In order to investigate the effect of ammonium and oxygen on amino acid utilization, embryos were cultured in the presence of 20% oxygen from pronucleate oocytes and with or without 150 lM exogenous ammonium from the postcompaction stage (second 48 h of culture). Similar to a previous report [4] , culture in 20% oxygen alone resulted in blastocysts displaying lower overall amino acid turnover. It was further found that in addition to a decrease in overall amino acid turnover, a switch from consumption to production of ammonium occurred as a result of culture in 20% oxygen.
Consequently, these data demonstrate that regulation of ammonium is not as effective in 20% oxygen compared with 5%, and further, the switch from consumption to production of
FIG. 2.
For experiment A, all the cultures were performed at 5% oxygen and treatments commenced during the second 48 h of culture. Control, G2 medium; 500 lM MSO, G2 medium plus 500 lM MSO; 150 lM ammonium, G2 medium plus 150 lM ammonium; 300 lM ammonium, G2 medium plus 300 lM ammonium. For experiment B, pronucleate oocytes were either cultured in 5% or 20% oxygen, with further treatments applied during the second 48 h of culture. Control, G2 medium at 5% oxygen; 150 lM ammonium, G2 medium plus 150 lM ammonium at 5% oxygen; 20% oxygen, G2 medium at 20% oxygen; 20% O 2 þ 150 lM ammonium, G2 medium plus 150 lM ammonium at 20% oxygen. Notches represent the confidence interval of the median, the depth of the box represents the interquartile range (50% of the data), and whiskers represent the 5% and 95% quartiles. The line across the box is the median uptake or release. Significantly different from embryos incubated in control medium: *P , 0.05, **P , 0.01, ***P , 0.001. ammonium as a result of culture at 20% oxygen plausibly reflects compromised physiology.
OXYGEN REGULATES AMMONIUM METABOLISM
The two stresses employed-culture in 20% oxygen or short term exposure to ammonium-affected overall amino acid turnover differently. Glutamine was produced when embryos were exposed to either stress separately. However, exposure to 20% oxygen and ammonium together resulted in net glutamine consumption rather than net production, indicating that the combined stress affects the conversion of glutamate to glutamine. Under the combined stress conditions, ammonium turnover also switched from net consumption to production, indicating it had not been sequestered effectively. Culture in 20% oxygen alone resulted in lower amino acid turnover (Fig.  3b) , whilst 48 h exposure to 150 lM ammonium (at 5% oxygen) resulted in significant increases in amino acid turnover (Fig. 3a) . When embryos were cultured under the combined stresses of 150 lM ammonium at 20% oxygen, the profile of amino acid turnover showed greater resemblance to that of embryos cultured at 20% oxygen alone (Fig. 3c) , with relatively few changes in rates of consumption/production. These data indicate that 20% oxygen has a greater impact on amino acid utilization than ammonium.
Under control conditions (5% oxygen, G2 medium), there was an approximate stoichiometric relationship between average net ammonium consumption and average net glutamate consumption, which is consistent with the conversion of glutamate to glutamine being an important pathway for ammonium sequestration. The inhibition of alanine transaminase by L-cycloserine resulted in decreased ammonium consumption and alanine utilization switching from production to consumption. However, blastocyst formation and cell proliferation were not significantly affected. In contrast, the inhibition of GS by MSO caused ammonium and glutamate utilization to switch from consumption to production and in turn blastocyst formation and cell proliferation were decreased. This result suggests that GS is responsible for glutamine availability as well as providing a pathway for ammonium sequestration.
The response of the mouse blastocyst to the inhibitory effects of L-cycloserine, in terms of alanine and ammonium utilization, provides indirect evidence that the conversion of pyruvate to alanine is active but contributes to ammonium removal to a lesser extent than the conversion of glutamate to glutamine. In support of this, Orsi and Leese [32] reported no change in the appearance of alanine when bovine blastocysts were cultured in the presence of increasing ammonium concentrations. In conjunction with results from the present study, it appears that the conversion of pyruvate to alanine may not be a major pathway for ammonium sequestration at the blastocyst stage.
Further evidence of how ammonium is sequestered relates to the activity of GS, as shown by analysis of the effect of 500 lM MSO on blastocyst amino acid turnover. Significantly, glutamine metabolism switched from net production to consumption, with corresponding alterations in glutamate and ammonium utilization. Methionine, and to a lesser extent lysine, were also affected by inhibition of GS. The methyl groups transferred in mammalian DNA methylation reactions are ultimately derived from methionine. How methionine metabolism is affected by culture conditions warrants further investigation. An increase in alanine production was also observed when blastocysts were cultured with the GS inhibitor, suggesting that the alanine transaminase pathway can provide an alternative means of ammonium sequestration when required. The ability of the embryo to utilize more than a single pathway to sequester ammonium represents an example of the plasticity of the embryo.
Blastocysts cultured in the presence of 150 and 300 lM ammonium at 5% oxygen exhibited increased aspartate consumption. Previous studies using amino acid turnover as an experimental endpoint have demonstrated that aspartate is one of the most highly consumed amino acids at the blastocyst stage, regardless of culture conditions or relative concentration of amino acids present in the culture medium [4, 32, 42, 43] . In the present study, when blastocysts were stressed through being cultured in the presence of 300 lM ammonium, aspartate consumption increased and both asparagine and arginine switched from consumption to production. Aspartate may, therefore, be involved in ammonium sequestration via its conversion to asparagine, catalyzed by asparagine synthetase. Alternatively, aspartate and citrulline (via argininosuccinate) can produce arginine and fumarate, possibly providing another mechanism for ammonium sequestration. Measurement of the activity of argininosuccinate and asparagine synthetases would help to clarify if such pathways are active.
During the precompaction stages, polyamines are involved in the regulation of embryo growth and DNA synthesis [44] . In mammalian cells, arginine is the initial precursor for polyamine synthesis. The polyamine putrescine is synthesized from ornithine and other polyamines; spermidine and spermine are synthesized from putrescine and decarboxylated S-adenosylemethionine. In this study, when postcompaction embryos were cultured in the presence of ammonium, under either oxygen concentration, there was reduced production of ornithine and reduced consumption of arginine, with arginine switching from consumption to production in some cases. Therefore, the exposure of embryos to increased ammonium levels could also have disrupted polyamine synthesis. Arginine is the precursor for nitric oxide, a molecule proposed to be associated with embryo metabolism and development [45] . The observed changes in arginine uptake in response to ammonium consequently warrant further investigation. Notches represent the confidence interval of the median, the depth of the box represents the interquartile range (50% of the data), and whiskers represent the 5% and 95% quartiles. The line across the box is the median uptake or release. Significantly different from embryos incubated in control medium: *P , 0.05, **P , 0.01, ***P , 0.001.
Enzyme activity together with fluxomics, the study of the flow of molecules within a cell, would improve our understanding of the embryo's response to in vitro induced stress (either/or oxygen and ammonium) and ultimately improve in vitro culture conditions. Whilst previous studies have reported the effect of oxygen or ammonium on embryo development using different 'omics: genomics [1, 21] , proteomics [2] , and metabolomics [3, 4, 21] -the inclusion of fluxomics could provide a deeper understanding of cellular metabolic properties and allow for unique integration of the different 'omics layers [46] .
The establishment of a complete knockout of the mouse GS gene has been used to investigate the role of GS in early embryonic development [33] . Homozygous knockout GS embryos were unable to survive past Day 3.5 in vivo, which supports the results of this study and highlights the essential role of the GS pathway. The suggestion was that insufficient access to glutamine and/or the toxicity of glutamate or ammonium are possible reasons why the mutant embryos were unable to survive after Day 3.5 (in vivo) [33] . If ammonium accumulation is the cause of death of GS-deficient blastocysts, this would indicate that ammonium is highly toxic in vivo, particularly in the uterine environment during implantation. From livestock models, high protein diets in sheep lead to reduced fecundity, which has been linked to elevated ammonium and urea levels within the female tract [31] . The amount of protein in the diet has also been shown to affect levels of ammonium within the female reproductive tract of mice [30] . Therefore, the results from He et al. [33] and the present study, suggest that postcompaction embryos primarily use GS to sequester ammonium and generate glutamine.
The data presented explain, in part, the frequency of exencephaly reported by different laboratories as a result of ammonium exposure, either continuously in medium containing Eagle concentration of amino acids or in medium supplemented with ammonium chloride. Lane and Gardner [22] reported exencephaly at a rate of 20% when embryos were cultured for 96 h from Day 0.5 at 20% oxygen in nonrenewed medium containing amino acids and glutamine (which breakdowns during culture to produce up to 300 lM ammonium). When embryos were cultured with exogenous ammonium in 20% oxygen for less time (either 72 h from Day 0.5 with 300 lM ammonium or 48 h from Day 1.5 with 600 lM), Sinawat et al. [47] reported exencephaly at a rate of 4.5%. In the present study, exogenous ammonium and 20% oxygen disrupted glutamine utilization by the preimplantation embryo, which could be associated with the high frequency of exencephaly cases [22] . Biggers et al. [48] reported exencephaly at a rate of just 1% when embryos were cultured in 5% oxygen in nonrenewed medium containing amino acids at half the Eagle concentration and using glycyl-glutamine as the heatstable form of glutamine. Results from the current study indicate that whilst embryos cultured at 5% oxygen with exogenous ammonium displayed compensatory production of glutamine (and alanine), their amino acid profiles were still greatly altered, which may explain the appearance of exencephaly, albeit at reduced rates, by Biggers et al. [48] . In support of such observations, the expression of genes involved in neuronal function have been reported to be affected by exposure of mouse and human preimplantation embryos to ammonium in culture at 5% oxygen [21] . These results highlight the importance of understanding how specific culture conditions (media composition, length of exposure, developmental stage exposed to treatment, and the concentrations of oxygen employed) interact and affect the metabolism of the preimplantation embryo, resulting in different experimental outcomes in terms of embryo and fetal normality.
In conclusion, 20% oxygen (atmospheric) impairs the ability of embryos to sequester ammonium, leading to an increase in ammonium production into the surrounding medium. Furthermore, both oxygen and ammonium independently affect amino acid metabolism in the developing embryo. Of interest, of these two sources of stress, oxygen appears to be the greater. This study has demonstrated that even in 5% oxygen (physiological dose), the response of the blastocyst to increasing exogenous ammonium is a compensatory increase in glutamine and alanine production and a significantly altered pattern of overall amino acid utilization. That an altered physiology can be induced by ammonium in the presence of 5% oxygen is consistent with published data showing that culture from zygote to the blastocyst stage in the presence of 75, 150, and 300 lM exogenous ammonium at 5% oxygen results in fetal abnormalities after embryo transfer [23] . Therefore, culture conditions that result in the buildup of exogenous ammonium should be avoided irrespective of oxygen concentration, and the use of 20% oxygen in embryo culture should be carefully reconsidered.
